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Edited by Richard CogdellAbstract PsbY is one of the low molecular mass subunits of
oxygen-evolving photosystem II (PSII). Its location, however,
has not been identiﬁed in the current crystal structure of PSII.
We constructed a PsbY-deletion mutant of Thermosynechococ-
cus elongatus, crystallized, and analyzed the crystal structure
of the mutant PSII dimer. The results obtained showed that
PsbY is located in the periphery of PSII close to the a- and b-
subunits of cytochrome b559, which corresponded to an unas-
signed helix in the 3.7 A˚ structure of T. vulcanus or helix X2
in the 3.0 A˚ structure of T. elongatus. Our results also indicated
that the C-terminal loop of PsbY is protruded toward the stromal
side, instead of the lumenal side predicted previously.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Photosystem II (PSII) performs light-induced electron trans-
fer and water-splitting reactions, leading to the formation of
molecular oxygen which is essential for the survival of most
of the life on the earth. The components of oxygen-evolving
PSII from cyanobacteria include 16–17 membrane-spanning
subunits, three hydrophilic, peripheral subunits, and over 70
cofactors such as chlorophylls (Chls), carotenoids, Mn, Ca,
Fe, and plastoquinones, which give rise to a total molecular
mass of 350 kDa for a monomer. The structure of PSII has
been reported at 3.8–3.0 A˚ resolution by X-ray crystallo-
graphic analysis of PSII isolated from two thermophilic cyano-
bacteria, Thermosynechococcus elongatus [1–3] and T. vulcanus
[4]. In the most recently reported structural models of PSII
[2,3], the locations of 10 low molecular mass subunits
(LMM), namely, PsbH, I, J, K, L, M, T, Z, and the a- and
b-subunits of cytochrome b559 (PsbE, F), have been identiﬁed,Abbreviations: CBB, Coomassie brilliant blue; Chl, chlorophyll; DM,
n-dodecyl-b-D-maltoside; LMM, low molecular mass subunits; PSII,
photosystem II; PAGE, polyacrylamide gel electrophoresis; SDS,
sodium dodecyl sulfate
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doi:10.1016/j.febslet.2007.09.036in addition to the 4 large trans-membrane subunits D1, D2,
CP47, CP43 and 3 extrinsic subunits PsbO, U, V. In addition
to these subunits, however, there are three trans-membrane
helices designated X1, X2 and X3 whose identities were not
determined. Among these three helices, X1 and X3 were pres-
ent in the previously reported structure at 3.7 A˚ for T. vulcanus
[4] and 3.5 A˚ for T. elongatus [2], whereas X2 was found only
in the 3.7 A˚ structure [4] but not in the 3.5 A˚ structure [2].
PsbY is one of the LMM of PSII ﬁrst identiﬁed in spinach
and tobacco PSII preparations [5]. The psbY gene of T. elong-
atus encodes a polypeptide of 43 residues with an approximate
molecular mass of 4.7 kDa and a single trans-membrane helix.
Its C-terminal 14–19 residues form a soluble domain and pro-
trude from the membrane surface [6]. Initial studies suggested
that PsbY was a manganese-binding polypeptide with L-argi-
nine metabolizing enzyme activity, pointing to a possible role
of this subunit in the function of the Mn4Ca-cluster in oxy-
gen-evolving PSII [5,7]. Later a PsbY-deletion mutant of Syn-
echocystis sp. PCC 6803 was found to be able to grow
normally under photoautotrophic conditions and had normal
rate of oxygen-evolving activity of PSII [8,9], indicating that
the PsbY protein is not essential for oxygen evolution and is
not an important ligand of the Mn4Ca-cluster in PSII. This
has been conﬁrmed by the crystallographic studies of PSII in
which, a majority of the ligands for the Mn4Ca-cluster have
been identiﬁed to be provided by D1 with only one residue
from CP43 also ligating the metal cluster, and no other sub-
units including PsbY are close enough to provide the ﬁrst-
coordination ligands to the Mn4Ca-cluster [2–4]. Moreover,
none of the crystal structure reported so far identiﬁed the loca-
tion of PsbY, despite the fact that this subunit has been iden-
tiﬁed in puriﬁed PSII complexes from both Synechocystis sp.
PCC 6803 [10] and T. vulcanus [11]. In order to clarify these
questions and to determine the location of PsbY in PSII, we
deleted the psbY gene from T. elongatus, puriﬁed PsbY-deleted
PSII from the mutant, crystallized, and analyzed the crystal
structure of PsbY-deleted PSII dimer complex.2. Materials and methods
2.1. Construction of the mutant strain and puriﬁcation of mutant PSII
The thermophilic cyanobacterium T. elongatus was grown at 48–
50 C as described previously [12]. Liquid culture was bubbled with
air containing 5% (v/v) CO2. The psbY gene was deleted by replacing
its open-reading frame with a chloramphenicol-resistance cassette.ublished by Elsevier B.V. All rights reserved.
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of 6 lg/ml chloramphenicol. Construction of the mutant was con-
ﬁrmed by PCR from genomic DNA of the PsbY-deletion mutant after
suﬃcient segregation. For large scale puriﬁcation of PSII, the mutant
cells were cultured in a 50 L container for 8–12 days in the absence of
chloramphenicol, and then harvested and utilized for subsequent puri-
ﬁcation.
PSII dimer was puriﬁed from the PsbY-deletion mutant according to
Shen and Inoue [13] with slight modiﬁcations. Crude PSII obtained
after treatment of thylakoids with lauryldimethylamine N-oxide was
solubilized with 1.0% n-dodecyl-b-D-maltoside (DM), and then loaded
onto a TYOPEARL DEAE 650 M column to remove the large
amount of phycobili-proteins and remaining PSI complexes. The frac-
tion containing mainly PSII from the column was collected and further
solubilized with 0.6% DM, and then puriﬁed by a TYOPEARL DEAE
650S column. The PSII dimer fraction from the column was collected,
precipitated by centrifugation after addition of polyethylene glycol
1450, and used for crystallization. PSI trimer was collected from the
fraction eluted prior to PSII in the ﬁrst column.
2.2. Characterization of PSII dimer puriﬁed from the PsbY-deletion
mutant
For analysis of the PSII dimer and monomer, blue native PAGE was
performed according to [14–16] with slight modiﬁcations. PSII samples
were resuspended in a buﬀer containing 20 mM Hepes (pH 7.0), 25%
Glycerol, 10 mM MgCl2 to a Chl concentration of 1.0 mg/ml, and sol-
ubilized by the addition of DM to a ﬁnal concentration of 1.0% fol-
lowed by incubation for 2 min on ice. Before sample loading, a gel
containing a gradient of 5–12% acrylamide was pre-run at a constant
voltage of 75 V for 1 h at 4 C in which, a modiﬁed cathode buﬀer con-
taining 50 mM Tricine, 7.5 mM imidazole, 0.02% (w/v) Coomassie
brilliant blue (CBB) G-250, 0.05% (w/v) Triton X-100 was used. Sam-
ples were mixed with a CBB solution containing 5% (w/v) Serva Bril-
liant Blue G-250, 750 mM e-amino-n-caproic acid in a ratio of 10:1 (v/
v), and loaded onto the gel immediately after the pre-run. Electropho-
resis was started at a constant voltage of 100 V until the samples en-
tered the stacking gel, and continued by changing the constant
voltage to a constant current of 5 mA. After third-fourth of the run,
the cathode buﬀer was replaced by a same buﬀer containing 0.002%
CBB G-250.
The puriﬁed PSII dimers from both wild-type and PsbY-deletion
mutant were compared by gel ﬁltration chromatography with a col-
umn (Superdex 200 HR30/10, GE Healthcare UK, Ltd.) equipped toFig. 1. Comparison of PSII dimers puriﬁed from wild-type and PsbY-deleted
Lane 1, wild-type PSII; lane 2, PsbY-deleted mutant PSII. The amount of sam
of PSII dimers. Lane 1, PSI trimer puriﬁed from the same organism; lane 2; P
dimer of PsbY-deleted PSII. The amount loaded was 0.8 lg chl for each lane.
Solid line: wild-type PSII dimer; dashed line: PsbY-deleted PSII dimer. Coluan HPLC system (SMART system, GE Healthcare UK, Ltd.). The col-
umn was run in a buﬀer containing 30 mM Mes (pH 6.0), 150 mM
NaCl, 0.03% DM, and monitored at 280 nm.
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) was carried out at room temperature with an 18–24% poly-
acrylamide gradient gel containing 7.5 M urea [17]. Samples were sol-
ubilized with 2% lithium dodecyl sulfate, 60 mM dithiothreitol, and
60 mM Tris–HCl (pH 8.5) at 0 C for 30 min before loading onto
the gel.2.3. Crystallization and crystal structure analysis of mutant PSII
Crystallization was performed with the batch method under similar
conditions as reported previously for the wild-type PSII [4,18]. The
crystals were grown to a size of 1.0 mm · 0.4 mm · 0.1 mm within 3–
4 days at 20 C. For X-ray diﬀraction experiments, the crystals were
transferred to a cryoprotectant solution containing 25% glycerol and
20% PEG 1450 with a step-wise procedure, and ﬂash-cooled in a nitro-
gen gas stream at 100 K. X-ray diﬀraction data were collected at beam-
line BL41XU [19] of a synchrotron radiation facility, Spring-8, Japan.
The diﬀraction data were processed with HKL2000 [20], and the elec-
tron density maps were calculated with FFT in the CCP4 program suit
[21] using the phase information obtained previously for wild-type
PSII [4]. Fig. 3 was constructed with PyMOL [22].3. Results
PSII dimer complex was puriﬁed from the PsbY-deletion
mutant of T. elongatus with a method essentially similar to that
used for puriﬁcation of PSII dimer from the wild-type. Fig. 1A
compared the protein composition of PSII dimer puriﬁed from
wild-type and the PsbY-deletion mutant, which showed that
while most of the PSII components are the same between
wild-type and mutant, a band in the low molecular mass region
(marked PsbY) was present in the wild-type but not in the mu-
tant. Since a band in this region has been assigned as PsbY
[10,11], this result conﬁrmed the successful construction of
the PsbY-deletion mutant. PSII dimer puriﬁed from the
mutant was compared with that from the wild-type by blue-na-mutant of T. elongatus. (A) Polypeptide composition of the PSII dimer.
ples loaded was 5 lg chl for each lane. (B) Blue native-PAGE analysis
SII dimer of wild-type; lane 3, PSII monomer of wild-type; land 4, PSII
(C) Elution pattern of PSII dimers from gel ﬁltration chromatography.
mn used: Superdex 200 HR30/10. See text for other details.
Fig. 2. X-ray diﬀraction pattern from a crystal of PsbY-deleted PSII.
The lower part was an enlarged picture of the boxed area in the upper
panel, showing the highest diﬀraction spot. The diﬀraction pattern was
taken at BL41XU of SPring-8 at 100 K, with a wavelength of 0.9 A˚, an
exposure time of 4 s, and an oscillation angle of 0.6.
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which showed that there were no apparent diﬀerences betweenTable 1














Resolution (A˚) 18.7 10.8 8.4
R-factors in each resolution shell calculated after scaling between wild-type PS
Riso-1 (%)b 28.5 25.4 32.9
Riso-2 (%)b 10.6 10.3 11.5
aNumbers in parentheses represent the highest-resolution shell.
bRiso-1 is R-factor for isomorphous diﬀerence calculated between wild-typ
DPsbY PSII.PSII dimer from the mutant and the wild-type with respect to
their mobility on the native gel and the apparent molecular
mass estimated from the gel ﬁltration column. The oxygen-
evolving activity of PSII dimer puriﬁed from the PsbY-deletion
mutant was always slightly lower than that of PSII dimer puri-
ﬁed from the wild-type, although no apparent diﬀerences were
found in the growth rates between the two strains under nor-
mal growth conditions (data not shown).
Using the puriﬁed PSII dimer, we were able to obtain crys-
tals under similar conditions reported previously for wild-type
PSII. The size and shape of the crystals obtained from the mu-
tant were similar to those of wild-type (not shown). Fig. 2
shows a typical diﬀraction pattern obtained from the PsbY-de-
leted mutant PSII, which showed a maximum resolution of dif-
fraction spots at 3.9 A˚. The crystallographic data from crystals
of the PsbY-deleted mutant PSII were processed to a resolu-
tion of 4.15 A˚ (Table 1). As a comparison, the diﬀraction data
collected from two typical wild-type PSII crystals were also
shown which were processed to resolutions of 3.30 A˚ and
4.15 A˚, respectively (Table 1). These results showed that the
mutant PSII crystals had the same space group and similar
unit cell dimensions as those of the wild-type PSII crystals.
Using the phase information previously determined for wild-
type PSII [4] and a wild-type PSII crystal with a relatively high
isomorphism with the PsbY-deleted mutant crystal (wild-type
PSII-2 in Table 1), we were able to calculate a diﬀerence-Fou-
rier map of wild-type-minus-mutant PSII, as depicted in
Fig. 3A. Although there were some fragmental signals arising
from the limited isomorphism between the wild-type and mu-
tant crystals, especially in the left-side monomer of the PSII di-
mer, there was a region with strongly positive signal
distributions in each monomer. When the diﬀerence-Fourier
map was superimposed with the 3.7 A˚ structural model of PSII
previously determined [4], the strongly positive signals were
found to correspond to a trans-membrane helix located adja-
cent to the a- and b-subunits of cytochrome b559 in the periph-
ery of PSII dimer whose identity was not determined
previously (Fig. 3B). This helix was also found in the 3.0 A˚letion mutant of T. elongatus
Wild-type PSII-2 DPsbY PSII
BL41XU BL41XU
0.9 A˚ 0.9 A˚
50–4.15 50–4.15
67,287 60,095
10.2 (54.7)a 9.2 (58.5)a
20.4 (3.4)a 16.5 (2.0)a





7.1 6.2 5.7 5.2
II and DPsbY PSII
38.1 42.6 48.1 53.2
13.1 14.4 17.5 20.6
e PSII-1 and DPsbY PSII, and Riso-2 between wild-type PSII-2 and
Fig. 3. Wild-type-minus-DPsbY PSII diﬀerence-Fourier map calcu-
lated at a resolution of 6.0 A˚ and its assignment. (A) Wild-type-minus-
D PsbY PSII diﬀerence-Fourier map of PSII dimer contoured at 3.6r.
View from the side of the membrane plane. Green and blue indicate
positive and negative signals, respectively. (B) Superimposition of the
diﬀerence-Fourier map shown in (A) with the structural model of PSII
at 3.7 A˚ from T. vulcanus ([4], PDB 1IZL). View in the same direction
as in (A). (C) Superimposition of the diﬀerence-Fourier map shown in
(A) with the structural model of PSII at 3.0 A˚ from T. elongatus ([3],
PDB 2AXT). The labeling of subunits was according to [3], except the
subunit of PsbY which was determined in the present study. View from
the stromal side perpendicular to the membrane plane. For clarity, the
three extrinsic proteins in the lumenal side were omitted. (D) A close
up view of the diﬀerence-Fourier map corresponding to PsbY and its
superimposition with helix X2 from the 3.0 A˚ structure [3]. View from
the side of the membrane plane. The dashed lines indicate the
membrane surfaces at the stromal and lumenal sides, respectively.
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the unassigned helices) (3) (Fig. 3C). Thus, the present results
indicated that the unassigned helix adjacent to cytochromeb559 in the 3.7 A˚ structure or helix X2 in the 3.0 A˚ structure
is PsbY.
The positive signals corresponding to PsbY in the diﬀerence-
Fourier map had a slightly longer protrusion into the stromal
side whereas no such protrusion was found in the lumenal side
(Fig. 3D). This suggests that PsbY has a longer hydrophilic
loop in the stromal side. This is consistent with the 3.0 A˚ struc-
ture in which, a long protrusion of helix X2 was found in the
stromal side but not in the lumenal side (3) (Fig. 3D). Since the
trans-membrane helix of PsbY was predicted to start at residue
number 2 in T. elongatus [23], and since the C-terminal of
PsbY was reported to form a large hydrophilic domain with
14-19 residues in length [6], the present result suggested that
the C-terminal of PsbY is located in the stromal side and its
N-terminal in the lumenal side.4. Discussion
The present study demonstrated that PsbY is located in the
periphery of the cyanobacterial PSII dimer adjacent to the a-
and b-subunit of cytochrome b559, which corresponded to
an unassigned helix at the same position in the 3.7 A˚ structure
of PSII from T. vulcanus [4], or helix X2 in the 3.0 A˚ structure
from T. elongatus [3]. This is consistent with the previous re-
ports that this subunit is a component of PSII [5] and was pres-
ent in puriﬁed PSII from both Synechococcus sp. PCC 6803
and T. vulcanus [10,11]. The trans-membrane helix correspond-
ing to this subunit, however, was not found in the 3.5 A˚ struc-
ture from T. elongatus reported previously [2]. Two
possibilities may be considered for this discrepancy. First, it
is possible that PsbY was lost in the PSII dimer preparation
used for crystal structure analysis of the 3.5 A˚ structure from
T. elongatus [2]. Second, the electron density corresponding
to PsbY was not visible or not strong enough to allow the
assignment of this subunit in the 3.5 A˚ structure. Since the
PsbY subunit was present and resolved in the two diﬀerent
preparations from two species of thermophilic cyanobacteria
[3,4], and also since membrane-intrinsic subunits of PSII are,
in general, not easily dissociated from the complex, it is likely
that the lack of the PsbY subunit in the 3.5 A˚ structure may be
due to too weak or disordered electron densities in this region
that can be assigned unambiguously to a trans-membrane he-
lix.
The sequences of PsbY between cyanobacteria and higher
plants are not highly conserved, with amino acid identities of
20-30% between the two groups of organisms [24]. Moreover,
the C-terminal of PsbY has been predicted to be located in the
stromal side in higher plant PSII which has been supported by
in vitro import experiments [7,25], whereas the C-terminal of
this subunit has been predicted to be located in the lumenal
side in Synechocystis sp. PCC 6803 [24]. This has been taken
as evidence suggesting a possibly diﬀerent role of this subunit
between higher plant and cyanobacterial PSII. The diﬀerence-
Fourier map between PSII of wild-type and PsbY-deletion mu-
tant obtained in the present study indicated a protrusion into
the stromal side, in agreement with a loop found in the stromal
side of the 3.0 A˚ structure (3), whereas no such protrusion was
found in the lumenal side. These results suggest that the hydro-
philic loop of the C-terminal of the subunit is located in the
stromal side, and that the N-terminal is located in the lumenal
K. Kawakami et al. / FEBS Letters 581 (2007) 4983–4987 4987side. This is consistent with the orientation of this subunit in
higher plants, suggesting a similar role of this subunit in
cyanobacterial and higher plant PSII.
The function of PsbY in PSII is not clear at present. Earlier
studies with higher plant PSII have suggested that this poly-
peptide has two low manganese-dependent activities: cata-
lase-like activity and L-arginine metabolizing activity, which
have been taken as evidence suggesting the possible involve-
ment of this subunit in binding manganese of the Mn4Ca-clus-
ter of PSII [5,7]. A mutant of Synechocystis sp. PCC 6803
lacking PsbY, however, was shown to have almost normal
growth rate and oxygen-evolving activity. The PsbY deletion
mutant of T. elongatus used in the present study also had a
similar growth rate as that of wild-type under normal growth
conditions, although the activity of puriﬁed PSII dimer was
slightly lower than that of the wild-type (data not shown).
These results suggest that PsbY does not provide an important
binding site for manganese and is not essential for normal
function of PSII [8,9]. This is consistent with the crystal struc-
ture analysis of cyanobacterial PSII where the ligands for the
Mn4Ca-cluster were found to be provided by D1 and CP43
[2–4], and also agrees with the location of this subunit in the
periphery of PSII far away from the Mn4Ca-cluster determined
in the present study. The little protrusion of the N-terminal of
PsbY into the lumenal side as shown in Fig. 3D also excludes
the possibility that a hydrophilic portion of this subunit may
extend to the vicinity of the Mn4Ca-cluster and to interact with
the oxygen-evolving center directly. A role of PsbY in the
assembly or stabilization of PSII protein complex or in the
Mn4Ca-cluster, however, can not be excluded. Although our
results did not allow us to detect structural changes of PSII
possibly induced by the deletion of PsbY due to limited reso-
lution, the present study represents a ﬁrst case of crystal struc-
ture analysis of mutant PSII which may be applied to identify
possible structural roles of many of the LMM subunits in this
large protein complex upon improvements in the crystal reso-
lutions.
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